Abstract This article presents an application of a procedure to invert the highfrequency radiation process at the source during the 1995 Hyogo-ken Nanbu earthquake using the envelopes of acceleration waveforms from 16 stations. The inversion uses genetic algorithms that compare observed ground motions with synthetic ones calculated using empirical Green's functions. Before the inversion, the reliability of the solutions for models with different grid sizes is checked. It is found that the resolution of the high-frequency radiation is strongly dependent on the number of reliable data and, for this case, it is shown that a coarse grid model with 60 parameters provides reliable results. With use of this model, the inversion of the high-frequency radiation distribution for the 1995 Hyogo-ken Nanbu earthquake was performed, and results showed four distinct zones of high-frequency radiation. The first zone is located in subfault 1 near a step-over from subfault 1 to the Nojima fault and the starting point of the rupture. The second zone is located in subfault 2 near the lower limit of the slip inverted from low-frequency data by many authors. The third and fourth zones are located in subfault 3, one of them coinciding with the bifurcation of the fault plane into two fault planes (Sekiguchi et al., 2000) .
Introduction
The source-rupture process is one of the most complex and unknown factors in the characteristics of an earthquake event. Some knowledge has been obtained through the inversion of data in the low-frequency ranges usually less than 1 Hz (velocity seismograms, accelerograms, Global Positioning System measurements, and interferometer images among others). On the basis of laboratory tests some authors have found friction laws (Dietrich, 1979; Rice and Ruina, 1983 ) that attempt to explain relations between kinematic and dynamic parameters. The conditions for stress and strength can be measured and controlled in the laboratory, but in actual cases the stress distribution before and after an earthquake and the spatial distribution of strength properties in the fault plane are unknown. The strength of the material for each part of the fault is also unknown. Those properties are impossible to measure directly with the existing technology.
The dynamics of the source process has been studied using the results of kinematic inversions combined with crack modeling to obtain the stress drop, strength-excess distributions, rise-time distribution, and dimensionless stress ratio S (Fukuyama and Mikumo, 1993) . The kinematic models are based on the inversion of waveforms with low-frequency contents (Ͻ1 Hz). Because the dynamic process is linked to high-frequency motions more than low-frequency motions, it is desirable to obtain the dynamic description of the source process independently of the results estimated from lowfrequency motions. Because the high-frequency contents of the acceleration waveforms are highly oscillating and incoherent, inversion by fitting synthetic waveforms to observed data is not possible. Instead, several authors have used the envelopes of the accelerograms to study the high-frequency radiation from the source (Gusev and Pavlov, 1991; Cocco and Boatwright, 1993; Zeng et al., 1993; . We use a similar approach here to invert the highfrequency seismograms from the 1995 Hyogo-ken Nanbu earthquake. Contrary to the approach of using Green's functions calculated theoretically (Zeng et al., 1993) , we use records of aftershocks as empirical Green's functions . We use Genetic Algorithms (GAs) as a method of inversion instead of the linearized inversion used by . An important problem that has not been considered previously is the high-frequency radiation resolution. Here, we check the high-frequency radiation resolution using synthetic high-frequency distributions of different grid-size models. In this resolution test we used the synthetic data at the same 16 stations used for the inversion of the observed data. We conclude that our resolution is restricted to the available data set. The use of an excessive number of parameters leads to a large uncertainty in the solution. For the example of the 1997 Hyogoken Nanbu earthquake inversion, the resolution test shows that resolution is guaranteed with the coarse grid model involving 60 parameters.
Data
The data records were selected considering that the empirical Green's function method requires at least two records at the same station, one from the mainshock and another from an aftershock or foreshock. For the stations located close to the fault we required records from two aftershocks. Using this criterion we selected a data set of 16 stations, eight of which were operated by the Committee of Earthquake Observation and Research in the Kansai Area (CEORKA) and eight stations operated by the Japan Meterological Agency (JMA). We computed first the ground motions using the empirical Green's function method, then constructed the envelopes with a root-mean-square running window to fit the observed ones. Because of the limited number of available records, we used records of different aftershocks as empirical Green's functions, depending on the stations. Except for the OKA station, we used two aftershocks to simulate the mainshock: one for the Nojima fault (subfault 2; Fig. 1 ) and the other for the Suma and SuwayamaGousukebashi faults (subfaults 1 and 3, respectively; Fig. 1 ). The stations and aftershocks used as empirical Green's functions for the inversion are listed in Table 1 ; the location of the stations is depicted in Figure 2 . The epicentral location of the aftershocks is shown in Figure 1 . Because the source area of two of the used aftershocks is about 1 km 2 , the records of the other three aftershocks were corrected by scaling them (constant factor) to produce the same high-frequency spectral level, matching the x ‫2מ‬ source spectra with constant stress drop.
Method
We invert the distribution of weights and perturbation times in the source by fitting the synthetic acceleration envelopes to the observed ones. To compute the synthetic accelerograms a modified version of the empirical Green's function method (Irikura, 1986 ) is used. The perturbation times and weights are included in this modified version, for which an explanation follows. According to the scaling law, the number of small events (N 3 ) with moment m 0 required to simulate a large event with moment M 0 is given by
where U 0 and u 0 are the flat levels of the displacement spectra at low frequencies for the large and small events, respectively; and c is a constant introduced to account for the difference in stress drop between the small (Dr S ) and large (Dr L ) earthquakes,
If the Fourier spectra follow the x ‫2מ‬ model, equation (1) reduces for high frequencies to
where A 0 and a 0 are the flat level of the acceleration spectra at high frequencies for the big and small events, respectively. Following the formulation of Irikura (1986) , the large-event acceleration waveform can be synthesized using
where F ij (t) is given by
in which the N 3 has been treated separately (N 3 ‫ס‬ NX•NW•NT) with i, j, and k for the number of subfault in the strike direction, width direction, and time, respectively, as shown in the Figure 3 ; s L is the rise time of the large earthquake; b and V r are the S-wave and rupture velocities, respectively.
This formulation is for the homogeneous rupture. For the inhomogeneous rupture, we introduced weight (w ij ) and time perturbations (pt ij ) to account for the irregular distri- bution of the radiation and for the changes in rupture velocity. Thus, equations (4) and (6) become
The comparison of the synthetic and observed acceleration records was done using envelopes, not the waveforms. The original signals were filtered between 1 and 10 Hz. The envelopes were calculated using a 2-sec width root-meansquare running-window from the beginning of the S-wave arrival.
Genetic Algorithms
The inversion is performed by using the GA. The idea of using this analogy of natural evolution to obtain an optimal solution was first proposed by Holland (1975) . Thereafter, many variations and combinations were developed to improve the speed and performance of the algorithm. The basic GA presumes that the potential solution of any problem is an individual, represented by a set of parameters. The parameters are regarded as the genes. A fitness value is assigned to the individual to evaluate its goodness of fit. This individual competes with many other individuals of the same generation and those who have better fitness value will have higher reproduction probability. After the individuals are selected for the next generation, the crossover operation is applied. The crossover operation works as an interchange of genes between couples of individuals. These combinations may produce better individuals. An additional operation is the mutation. This operation consists of randomly replacing some genes of some individuals selected randomly. These operations help to reduce the probability of being trapped in a local minimum solution. In our particular case, we used a strategy, known as elitist, in which 30% of the best individuals are copied to the next generation and no crossover operation is applied to them. We use the PGAPack, a parallel GALibrary created by Levine (1996) . In the inversion, the genes corresponded to the weights (w ij ) and the perturbation times (pt ij ). Each individual consists of a complete set of weights and perturbation times. The goodness of each individual is evaluated by the sum of the residual values (i.e., difference between the synthetic and the observed envelopes) for the three components of all the stations.
Test of Resolution
Because a clear relation does not exist a priori between the number of stations used and the number of parameters that can be resolved with confidence from the inversion, a test was performed. For other inversion techniques, smooth constraints provide enough stability of the results. However, that condition can not be introduced to GA inversion. This resolution test was done to find the number of parameters that we may be able to resolve with a certain degree of confidence.
The test was performed using the same number of stations and the same configuration of subfaults as we used for the inversion of the strong ground-motion data from the Hyogo-ken Nanbu earthquake. We adopted the model proposed by Sekiguchi et al. (1996) on the basis of a minute location of the fault, which consists of three fault planes that we call subfault 1 (for Suma fault), subfault 2 (for Nojima), and subfault 3 (under Kobe), as shown in Figure 1 . The source areas of the aftershocks used as empirical Green's functions are estimated from the corner frequencies to be 1 ‫ן‬ 1 km 2 . Then, in accordance with equations (1) and (3) and considering the parameters used by Kamae and Irikura (1998) , we divided the three subfaults in 15 ‫ן‬ 21, 21 ‫ן‬ 21, and 24 ‫ן‬ 21 elements. This is the basic element discretization model with 1260 unknown parameters to determine. Because the number of elements is very large we decided to merge nine elements to one to produce the superelement coarse grid model in which the number of parameters for the inversion is reduced from 1260 to 280 (140 w ij and 140 pt ij ). Then, the weights for nine elements at each grid element of the superelement coarse grid model were assumed to be the same (see Fig. 4) . A more drastic reduction was obtained when we used the ultraelement coarse grid model in which we merge 35 elements for subfault 1, 49 elements for subfault 2, and 42 elements for subfault 3, as shown in Figure 5 . By using the ultraelements coarse grid model the number of inversion parameters reduces to 60.
To test which of the grid-size models gives us the high- est resolution with enough reliability we proposed two models of high-frequency radiation: models M5 and M6 shown in Figures 6 and 7 , respectively. These models are used to calculate the forward problem. First, we calculate the strong motions, and second, the envelopes for all the stations using the weight and perturbation time distributions given by the models. Those envelopes were then used in the inversion problem to get the high-frequency radiation models that we proposed, that is, M5 or M6. The proposed models of highfrequency radiation M5 and M6 were designed to be used by superelement and ultraelement coarse grid models, respectively; that is, to check specifically the resolution of each coarse grid model, so neither of them can be used for the other coarse grid model. From the physical point of view we are interested in detecting contrast of high-frequency radiation or delineating zones with and without radiation, so it seems natural to use those models. We tested several combinations of discrete models and ranges of parameters: however, these two examples summarize the main results. Using the envelopes of the motions computed from the highfrequency radiation model M5 for the 16 stations we tried to invert them to recover the high-frequency radiation model M5. For this inversion, the superelement coarse grid model with 280 parameters was used. The resulting high-frequency radiation distribution and perturbation times from the inversion are shown in Figure 8 . The good similarity of the original envelopes to those calculated with the inverted model are shown in the bottom of Figure 8 . However, the distribution of high-frequency radiation given by the superelement coarse grid model discrete inversion was not accurate, and was very different from the proposed high-frequency radiation model M5 that was supposed to be obtained, despite the good envelope fit. This result implies that having a good envelope fit is not enough to guarantee that the distribution of the obtained high-frequency radiation is reliable. Next, the ultraelement coarse grid model with 60 parameters was used. The envelopes of the motions computed from the high-frequency radiation model M6 for the 16 stations were used for the inverse problem. Figure 9 shows the high-frequency radiation distribution and perturbation times. The good similarity of the original envelopes to those calculated with the inverted model are shown in the bottom of Figure 9 . Comparing the results shown in the top of Figure 9 with those from the proposed model M6 we can see that this inversion produces better performance, because the original high-frequency radiation model M6 is almost restored. In this case the accuracy of the inverted model reflects the accuracy of the envelope fitting. We conclude that this level of resolution is the one we can use for this set of data with enough reliability to perform the inversion. After checking the resolution we can apply the method to invert the distribution of the high-frequency radiation from the Hyogo-ken Nanbu earthquake.
Application to 1995 Hyogo-ken Nanbu Earthquake
The inversion was performed using the ultraelement coarse grid model, because it was found to be most reliable in the previous resolution test. We used the three-component acceleration data from the 16 stations depicted in Figure 2 . Five aftershocks were used in the way that we indicated in Table 1 .
Results and Discussion
The high-frequency radiation distribution inverted in the first trial is shown in Figure 10 . The envelopes for the 16 stations are also shown in Figure 10 , where the continuous line is for the observed envelopes and the dashed line is for the synthesized ones. Also, the reduction of the residuals with the increase of generation in the GA is shown in the bottom right side of Figure 10 . In general, the fitting is acceptable for almost all the stations. This fitting could be improved if, for instance, the number of inversion parameters is increased (i.e., using the superelement coarse grid model), but the result would not be reliable, as shown by the resolution test. Instead of a perfect fitting with an unreliable inverted model, we have a fitting with some discrepancies that reflect our uncertainties in the inverted model, but higher reliability.
We tried the inversion several times using the ultraelement coarse grid model to check the influence of the radiation pattern. First, we corrected the radiation pattern for all the stations; second, we corrected it only for JMA stations; and third, the radiation pattern correction was done only for CEORKA stations. In others we tried only with horizontal components, or with the elimination of one or two stations. We judged each inversion on the basis of the residual value. We found that the best inversion (smallest residual) was obtained when all the stations and components were used, and when the radiation pattern was not corrected in all the stations. In fact Kamae et al. (1990) showed how the radiation pattern becomes uniform at frequencies higher than 2 Hz.
Then, using all the stations without radiation pattern correction, we tried the inversion with the first population chosen randomly several times. The high-frequency radiation distribution for the best five inversions is plotted in Figure 11 with the residual values on the right side. The best model from the inversion is at the top. The main features of the high-frequency radiation obtained by the five inversions are very similar to each other and consistent with the results of the first inversion (Fig. 10) . Considering that for all the inversions the high-frequency distribution model for the first generation of the GA was created randomly, the consistency of the five inverted models is proof of the stability of the solution.
We adopted the results of the inversion with the smallest residual as our final solution. These results are shown in Figure 12 along with the envelopes fitting and residual variation. As we can see in the top of Figure 12 , the distribution of high-frequency radiation is concentrated in four zones, the largest one in subfault 1, which extends from the bottom to the top of the fault; it is especially high close to the starting point. In subfault 2, we found a high-radiation zone concentrated in a small area near the bottom. The other two highfrequency radiation zones are located in the middle and top of subfault 3. All four zones are well correlated with the high-speed zones. In general, the high-frequency motion is produced when the rupture starts simultaneously from a line or it abruptly changes its propagation velocity (Madariaga, 1977; Boatwright, 1982) . In our case the zone located in subfault 1 seems to be related to either a step-over of the rupture (proposed by from the initial fault plane to the other fault plane of subfault 2, or to the initiation of the rupture itself. The high-frequency concentration zone located in the top of the subfault 3 may be an indicator of bifurcation of the fault into two segments (Sekiguchi et al., 2000) . In Figure 1 we can observe that around the middle of subfault 3 the traces of geological faults are branched into two, one in the northern part that is the continuation of the Suwayama fault called Gosukebashi, and the other in the south called the Ashiya fault. Yoshida et al. (1996) , in a joint inversion of geodesic data and seismic waveform data, analyzed the rupture process of these faults but they could not determine which one of the faults ruptured. However, the rupture of the Ashiya fault is actually clearly demonstrated by Sekiguchi et al. (2000) . The common features of many low-frequency inversions done for this earthquake (Horikawa et al., 1996; Ide et al., 1996; Sekiguchi et al., 1996; Wald, 1996; show that the slip in subfault 2 was very large near the surface. The high-frequency radiation zone found here is the complement of the large slip zone of the lowfrequency inversion, marking off the lower limit of the asperity.
Our result has some features similar to those obtained by , for example, the points denoted as B and C by these authors are well correlated with the band of radiation that we found in subfault 1. A similar band can be observed in the distribution of dynamic-static friction coefficients estimated by Bouchon et al. (1998) . Also, the highfrequency radiation zone found in the top of subfault 3 is similar to that denoted as D in .
However, there are also some discrepancies of our results with those obtained by . These discrepancies are natural because the model of Kakehi et al. is different from the model that we use. They assumed only one fault plane and used different stations and different aftershock records as empirical Green's functions. These authors used a coarse grid size similar to our ultraelement coarse grid size. In our simulation we did not find any concentration of high frequency at the points called A and E in .
Both the results of and our results show clearly that the high-frequency radiation distributed in the fault plane is different from the slip distribution obtained by the inversion in low frequencies. Then, the high-frequency radiation distribution should be included in the forward modeling of the distribution of peak ground velocities to explain appropriately the damage distribution, especially when structures with periods shorter than 1 sec are included.
Conclusions
We inverted the high-frequency radiation of the 1995 Hyogo-ken Nanbu earthquake. We found that the reliability of the high-frequency envelope inversion is influenced by the number of unknown parameters, which depends on the grid size. First, we examined the validity of the inversion using models with different grid sizes, and found that the ultraelement coarse grid model with 60 parameters had the higher resolution, compared with the superelements coarse grid model with 280 parameters. The resolution test that we conducted cannot be generalized because it depends on the configuration of the fault model and the array of stations. However, we believe that a relation between the number of parameters inverted and the number of stations exists. Therefore, similar testing has to be done before performing the inversion for each case. Second, we performed the envelope inversion for high-frequency radiation using the ultraelement coarse grid model with 60 parameters. We obtained the best fit when the radiation pattern was not corrected. We adopted the results of the inversion with the smallest residual as our final solution. In our final solution we found that the distribution of high-frequency radiation is concentrated in four zones. The zone located in subfault 1, corresponded to the starting of the rupture and a step-over from subfault 1 to the Nojima fault. The high-frequency radiation zone located in subfault 2 was found to coincide with the lower limit of the slip inverted from low frequencies by many authors. The high-frequency zone in the top of subfault 3 coincides with the point of bifurcation into two fault planes of Sekiguchi et al. (2000) .
We conclude that the procedure applied in this article successfully inverts the high-frequency radiation. Also, we have succeeded in determining the most reliable model for the inversion through the resolution test in which it was found that the resolution depends of the number of the stations. Another finding was that the inversion does not require of the correction for radiation pattern.
